Ton van Helvoort
In reviewing recent work inspired by Fleck's ideas, Jonathan Harwood has stated that the concept of thought style can only be used analytically to aid the historian in describing history, but is without any explanatory power.5 This conclusion contradicts Fleck's claim that a thought style forces the further development of scientific knowledge into certain directions. In other words, there are limitations to the theoretically limitless variability and negotiability of observations and theoretical notions. In a discussion of the "constraining force" of a thought style, Cohen and Schnelle maintained that Fleck claimed that the thought style structures the working practice of the thought collective, i.e. "both what can and must be considered as a scientific problem, and how this problem is to be dealt with."6 [Italics in the original.]
In this essay I will discuss a controversy which developed in the 1 920s on the nature of bacteriophages, which are at present conceived of as bacterial viruses. The bacteriophage phenomenon was the observation that an abundant and therefore cloudy bacterial culture lysed within a short time to a clear solution under the influence of a filterable lytic "principle". The interpretation of this phenomenon gave rise to two main opposing positions, represented by Felix d'Herelle and Jules Bordet, who clashed heavily. In 1917, d'Herelle proposed the term "bacteriophage" for the lytic principle and was convinced it was to be characterized as a filterable virus which could lyse the bacterial culture. Therefore, this lysis was a virus disease of the bacteria which he named bacteriophagy. In the 1920s this interpretation was severely criticized by, among others, the bacteriologist and serologist Jules Bordet, who received the Nobel Prize for Medicine in 1919. Bordet's view was that bacteriophagy was linked with the metabolism of the bacterium, while the involvement of a virus was rejected.7
My aim is to show that d'Herelle and Bordet elaborated their respective positions into consistent interpretational contexts or research styles. Like the constraining force of Fleck's conception of thought style, these research styles exerted a constraining force on what was to be studied and how this had to be done. By describing the controversy in detail, a historical example is given of the way in which two research styles limited the interpretive flexibility of experiments. The controversy shows how a Macfarlane Burnet wrote that "Scientific work is of value insofar as it is carried out in accordance with the current tradition of integrity and technical ability and provides results which can be stated in a form that is relevant to the current structure of generalization within the field chosen." See F. Macfarlane Burnet, 'From bacteriophage to influenza virus', in Victor A. Najar (ed.), Immunity Press, 1990. particular research style opened up "facts" for discussion which were "closed" within the competing research style.8
Felix d'Herelle's research style will be designated as "bacteriological" while that of Jules Bordet as "physiological". The use of these terms needs to be explained because they differ from the usual disciplinary denotations. The work of d'Herelle is called bacteriological because he interpreted the bacteriophage as an autonomous living entity infesting bacteria. In this way, he worked within a "thought collective" which regarded filterable viruses as small bacteria or ultramicrobes. This was a conception which was generally held in the study of animal viruses. I have argued elsewhere that, until the late 1940s, workers on influenza thought of the influenza virus as being in many respects just such an ultramicrobe and they worked within a bacteriological paradigm.9 But the notion of the nature of a filterable virus as an ultramicroscopic microbe was also current in plant virus research until the 1930s.10 The work of Bordet is described as physiological in order to indicate that he approached the problem of the bacteriophage by starting from the bacterium. He interpreted his observations on bacteriophagy (including hereditary aspects) as belonging to the physiology of the bacterium.
The use of the terms bacteriological and physiological research styles in bacteriophage research on the basis of one case study may make it look as if I am jumping to conclusions. However, it will be shown elsewhere that, until the 1950s, bacteriophage research was structured by two Pasteur, 1949, 76: 457-60; Jean diarrhoea, was often found in soldiers at the eastern front. 14 Despite clinical symptoms, the bacteriological diagnosis was often problematic, as dysentery bacilli were not found. In 1903, Emil de Schweinitz and M. Dorset had claimed that swine fever or hog cholera could not be attributed to the hog-cholera bacillus (now known as Salmonella cholerae-suis) alone. In the laboratory, the disease was contagious only when the presence of a specific filterable virus could be shown. 15 D'Herelle, therefore, investigated the possibility that in the case of bacillary dysentery also such an additional factor could play a role. For this purpose he filtered the stools of a dysentery patient through an ultrafilter and combined the filtrate with a culture of dysentery bacilli. To activate the mixture he incubated it overnight, and the following morning to his surprise the container was clear instead of containing the expected turbid culture. D'Herelle concluded that he had discovered a principle which was antagonistic to dysentery bacilli. Such a principle would explain the absence of bacilli observed in some of his patients.'6
The first results of d'Herelle's studies were presented by Emile Roux at the French Academie des Sciences in September 1917.17 D'Herelle claimed that the antagonistic principle was filterable, living and organized, and hence a microbe. He thought the living nature of the principle was proved by the possibility of transmitting it in a series of cultures of dysentery bacilli: a very small amount of the ultrafiltrate in a fresh bacterial culture resulted in the same amount of lytic principle as was present in the original lysate. It was possible to transmit the phenomenon endlessly. Another observation was that when a mixture of bacteria and a highly diluted filtrate of a lysed bacterial culture was cultured on a slant (gelose incline' or sloped agar) small circular patches appeared in the bacterial layer. Because, as d'Herelle stated, a chemical substance could not concentrate itself at a particular spot, the presence of bacteriumfree spots proved the "organized" character of the principle. D'Herelle called his discovery a microbe which was antagonistic to dysentery bacilli, i.e. an obligatory bacteriophage. 18 The in vitro antagonistic action of the bacteriophage to a bacillary pathogen immediately suggested that the filterable agent could also play a role in the natural course of bacillary dysentery. In 1918, d'Herelle concluded that the pathogenicity of dysentery bacilli in infected humans was indeed dependent on the presence of the microbe filtrant bacteriophage discovered by him. When he subsequently discovered that the bacteriophage was also present in healthy humans he suggested the general name Bacteriophagum intestinale 1918 for the agent. The part that the bacteriophage played in the development of bacterial infections was to be used by d'Herelle and many others in the treatment of these diseases. This became known as bacteriophage therapy. 19 For some years d'Herelle was the only one who studied the phenomenon he had described, but this changed when Tamezo Kabeshima entered the field. This Japanese researcher, who worked in d'Herelle's laboratory, received a bacteriophage sample from d'Herelle.20 The irony was that not only did Kabeshima's conclusion on the nature of the bacteriophage contradict that of d'Herelle, but it also sparked off intense opposition by influential scientists.
To Kabeshima the properties of d'Herelle's microbe filtrant bacteriophage were not those of an organism but of a ferment. On the basis of this dissenting interpretation, he assumed the following mechanism for the dissolution of a dysentery culture. Kabeshima supposed that a gland in the digestive tract secreted a catalyst which dissolved the pathogenic bacteria. Serial transmissibility of the phenomenon was to be explained by the presence of a prodiastase in the microbes, which, under the influence of the catalyst, was set free as a fresh catalyst in the "autolysis" of the bacterium. According to Kabeshima, his former use of the term microbe de d'Herelle should be replaced by solution deferment d'immunite bacteriolysant.21
Kabeshima based his characterization of a bacteriophage as a ferment on two observations which he saw as absolutely contradictory to the hypothesis which had been formulated by d'Herelle. After being stored for four years at room temperature (remember that Kabeshima studied bacteriophage in d'Herelle's laboratory) a filtered lysate was still capable of bringing about lysis in a fresh bacterial culture. This contradicted the phenomena of degeneration that were shown by living bacteria if they were stored for a long time. Secondly, Kabeshima had observed that the principle remained active after exposure to temperatures of 65 to 70°C in a humid environment. It also resisted the action of antiseptic agents like chloroform, toluene, alcohol and ether, while it was known that such chemicals destroyed the vital activity of cells. The principle discovered by d'Herelle also retained its activity after exposure to 1 per cent sodium fluoride, while it was known that living fermentative processes were immediately stopped by this agent.22 D'Herelle did not wait long before responding to the position taken by Kabeshima. The question was whether the bacteriophage was an organized or a non-organized ferment, i.e. aferment figure', Frederick Twort was superintendent of the Brown Animal Sanatory Institution, which was associated with the University of London. For his study on the nature of filterable viruses Twort had used cheap and widely available raw material, i.e. glycerinated vaccinia pulp.27 In an attempt to cultivate vaccinia virus on a lifeless nutrient he observed that colonies of micrococci (staphylococcus), which were present as a contamination in glycerinated vaccinia pulp, underwent a change which he designated as "glassy and transparent". This change could be transmitted with an inoculation needle to colonies of normal micrococci. The active principle could be transmitted in series and was found to be filterable through the finest ultrafilters. Twort had proposed three possibilities for the nature of the principle, though he did not express any preference as to which one would be the most probable. The identical. D'Herelle concluded from their study that staphylococci were indeed susceptible to bacteriophage, but also that they showed a second disease, i.e. the phenomenon described by Twort. This consisted of a "fragmentation" of the bacteria resulting in a residue which could be stained with Giemsa, while bacteriophagy was expressed as a "total dissolution" of the bacteria. D'Herelle underlined his conclusion on the nature of the Twort phenomenon with the same rhetorical device that he had used in 1917, i.e. the reification of a phenomenon by giving it a name. D'Herelle described such a fragmentation of cocci as bacterioclysis.33 A decade after the rediscovery of Twort's article, feelings on the conflict about the identity of the two phenomena still ran high. Over the years the tension between d'Herelle and Andre Gratia had come to a head and the latter was inclined to accord Twort almost total priority: "...Twort avait pratiquement tout vu et tout pense sur le bacteriophage et n'avait oublie qu'une chose: lui donner un nom."34 In 1931 d'Herelle proposed that an arbitral committee decide the question by performing an experiment with Gratia's consent. Paul Flu attended the experiment on behalf of d'Herelle, while Gratia was represented by Ernest Renaux. The committee concluded that the phenomenon described by Twort could be obtained with staphylococci, resulting in transparent particles which could be coloured with Giemsa red. Because these particles were characterized by their (bacterial) sterility, their multiplication and the serial transmissibility of the phenomenon, it was concluded that the Twort phenomenon did indeed belong to bacteriophagy. In 1938 d'Herelle admitted that the two phenomena were identical, but he pointed out that the Twort phenomenon was very rare. 35 The combination of doing experiments and negotiating the question of how to perform and evaluate them produced a consensus about the identity of the Twort and the d'Herelle phenomena. This established the priority of Twort, a point of view that had already been accepted by many bacteriologists in the early 1920s.36 But it was equally important that in the priority dispute it was decided what was to be regarded as the action of a bacteriophage and what was not. Until the arbitral experiment, d'Herelle defined it as the total dissolution of a bacterial culture while after the consensus was reached the scope of the phenomenon was widened. Lysis of staphylococci which left bacterial debris also had to be classified as bacteriophagy, because the consensual criteria were sterility and multiplication of the principle and the serial transmissibility of the phenomenon. The point of view that the bacteriophage phenomenon also included other observations apart from the rapid and total dissolution of bacteria, advocated by d'Herelle as the preferred experimental model, was emphasized in the work of Jules Bordet.37
The phenomenon studied by Jules Bordet and Mihai Ciuca, which was linked to that described by d'Herelle, was presented at the Belgian Societe de Biologie on 9 October 1920.38 They had injected guinea pigs three or four times, at intervals of a few days, with a culture of Bacillus coli (later renamed Escherichia coli) in the peritoneum. When peritoneal fluid was subsequently removed with a syringe, this was found to contain many leukocytes. Bordet and Ciuca had then found that when this exudate was mixed with a normal culture of B. coli the latter bacteria underwent a change. They got an "autolytic power" which could be transmitted to a fresh bacterial culture. A minute quantity of the lysate was sufficient to bring about this lytic power. The lytic principle was not isolated by filtration, as d'Herelle had done, but by heating the exudate to 60 to 65 'C, killing the bacteria but leaving the autolytic principle active. In this way, Bordet and Ciuca claimed to have isolated the same phenomenon as that reported by d'Herelle, which was present as an active principle in a filtrate of stools. Thus, their claim that they had observed the same phenomenon as d'Herelle's bacteriophagy was not based on performing the same isolation technique but on a partial overlap of the observed phenomena, i.e. the serial transmissible lysis of a bacterial culture. The great difference in experimental design between the studies of d'Herelle and the experiment of Bordet and Ciuca may prompt the question as to why the latter studied d'Herelle's phenomenon in this way. Three aspects of d'Herelle's and Kabeshima's publications could have led to this, aspects which impinged on the study area in which Bordet was a recognized expert, viz. serology or humoral immunity. Therefore, a brief summary of Bordet's serological work around the turn of the century is appropriate.39
In the last decade of the nineteenth century an injection of bacteria into the peritoneum of a small laboratory animal was a standard method in immunological research.40 In the mid-1890s Bordet used this experimental system to replicate and investigate further an observation that had been described by Richard Pfeiffer in 1894. Pfeiffer had observed that cholera vibrios underwent a granular transformation in the peritoneal cavity of actively or passively immunized animals. He supposed this to be a "vital" action which would occur only in living animals and thus had to be distinguished from the bactericidal effect shown by cholera serum in vitro. In 1895, Elie Metchnikoff showed that the granular transformation could also be obtained in vitro by mixing the vibrios with cholera serum and adding peritoneal exudate of a normal guinea pig. In the same year Bordet brought this investigation one step further by showing that granular transformation could be obtained in vitro if one used fresh cholera serum or when fresh serum of a non-immunized animal was added to old or heated cholera serum. Bordet concluded from this that the transformation of the cholera vibrio was caused by the action of two substances: one heat-resistant antibody (substance sensibilisatrice), which was found only in immunized animals, and a heat-labile substance (alexine) which was present in both immunized and non-immunized animals.
In 1898 Bordet published his research, in which he claimed that immunization could be used to obtain a hemolytic serum, i.e. a serum which could lyse blood cells of another animal species. Like the serum that transformed bacteria, it was dependent on a heat-resistant specific component and a heat-susceptible non-specific component. Bordet developed this parallel between sera against bacteria and red blood cells into the complement fixation test, in which hemolysis was used as an indicator system for the presence or absence of the non-specific complement. In the presence of bacterium and antibody, the complement was exhausted, so no However, Bordet's and Ciuca's investigation also fell within Bordet's expertise in a different way. In addition to the recovery of an autolytic principle from an exudate rich in leukocytes, they observed that a lysed bacterial culture was not totally sterile (in the bacteriological sense of the word). Although the remaining microbes developed only very slowly in broth extract, it was possible to harvest abundantly growing bacterial cultures on agar. In comparison with the original culture of the B. coli strain, such new colonies had totally different characteristics. They were very viscous, shiny, glairy and even liquid. Furthermore, the virulence of this new bacterial variant for the guinea pig was enhanced and the variant bacteria had the power to lyse a normal bacterial culture. The latter property was designated by Bordet Properties of the bacterial variants he had studied were their macroscopic appearances, fermentative properties, virulencies, etc.44 According to Bordet, d'Herelle's phenomenon had to be interpreted within the context of bacterial variation, which he conceived of as an expression of changed bacterial metabolism. This is apparent from his theoretical discussion of these phenomena, which preceded the presentation of the experimental results obtained with the exudate rich in leukocytes. To Bordet and Ciuca, heredity was the transmission of variations, which occurred via two factors, one extracellular and the other intracellular. Each variation depended on a direct factor, which in turn depended on an external one. The intracellular factor had to be transmitted to the progeny, or it would lose its power. If, as Bordet and Ciuca argued, these ideas on microbial variation were applied to transmissible autolysis, then this phenomenon had to be explained as the consequence of a temporary, external cause that induced the microbes to produce a substance which brought about autolysis and which was also transmitted to their descendants. If it was accepted that this substance could diffuse into the medium, then it was clear that the variation was not only hereditary but also contagious. Bordet and Ciuca supposed that the hereditary variation was a disruption of the equilibrium between the assimilation of certain substances and their de-assimilation, and they characterized the transmissible autolysis as a "hereditary nutritional corruption" (viciation nutritive he're'ditaire).45
We have seen that d'Herelle explained the bacteriophage phenomenon as the result of an exogenous ultravirus which could be isolated from the digestive tract of both patients and normal persons. Bordet interpreted his findings on the basis of his knowledge of lytic processes and of bacterial variation, which he thought to be an expression of the metabolism or physiological state of the bacteria. This represents a dichotomy between an exogenous cause of the bacteriophage phenomenon and an endogenous explanation. This dichotomy can also be found in later controversies on the bacteriophage and in the development of research on plant viruses. As the years passed, d'Herelle and Bordet would each develop their own experimental system and theory further, thus creating their own research styles. 45 Bordet and Ciuca, op. cit., note 38 above, pp. 1293-5. The presentation of a theoretical discussion before reporting the experimental results makes the conclusions seem more "inevitable". According to d'Herelle, bacteriophagy was a two-part phenomenon, namely the dissolution of the bacteria and the multiplication of bacteriophages. Bacteriophagy was an infectious disease of the bacterium and because the etiological agent, the bacteriophage, passed through an ultrafilter, it had to be regarded as an ultravirus. In this respect d'Herelle remained a faithful adherent of the Pasteurian point of view that infectious diseases were caused by living organisms. After all, Louis Pasteur had written: "En resume, 'tout virus est un microbe'."47 However, if d'Herelle had adhered strictly to the Pasteurian point of view he would have had to maintain that the bacteriophage was an ultramicrobe, which was indeed his first conviction. Later on he claimed that the bacteriophage was alive but had to be characterized as a colloidal particle. However, he borrowed more from his illustrious predecessor than the living nature of an (ultra)virus.
The bacteriological work of Pasteur is characterized by his emphasis on infectious, autonomous microbial entities. Furthermore, Pasteur maintained that microbes are characterized by their adaptation to changing environments, resulting in "microbial variation". To Pasteur, one consequence of the variability of microbes was that the qualitative properties of these agents were of prime importance.48 Working within the Pasteurian tradition of viewing microbes as autonomous living agents, these basic assumptions made the following methodological requirements necessary for d'Herelle.
First, he concluded that the quantitative properties of bacteriophagy had to be explained as the results of the multiplication of a living ultravirus, the bacteriophage. As discussed above, the quantitative properties of bacteriophagy could be shown in a liquid by the serial transmissibility of the bacteriophage.49 On a solid medium the multiplication of the bacteriophages was visible as plaques or blank spots (taches vierges), without bacteria, in a bacterial layer. These were caused by the lysis of bacteria which had originally grown there. D'Herelle compared such plaques with bacterial colonies on a solid medium, and the bacteriophages could be quantified by The plaques were evidence of the discontinuity, the particle-like character of the bacteriophage.52
According to d'Herelle the qualitative characteristics of bacteriophagy were more important than the quantitative aspects discussed above, and he pointed to his great leader: "We have known since the days of Pasteur that in a bacterial culture each of the organisms presents individual characteristics, chiefly in those attributes dealing with its virulence."53 Since d'Herelle regarded the bacteriophage as a living virus with individual properties and capable of adaptation, it is not surprising that he demanded special attention in the study of the bacteriophage for the qualitative properties of the process of bacteriophagy:
. . quantity is a negligible factor, the quality of the bacteriophage is the most important feature of the phenomenon. D'Herelle held the opinion that it was impossible to determine the physicochemical properties which gave matter its living nature. But, he argued, we do know the result of "life", that is the power to assimilate in a heterologous medium and the power to adapt.55 In a microscopic entity, assimilation could not be observed directly; only the effect of assimilation could be studied, i.e. the multiplication of the organism.56 But mere multiplication was not sufficient, because when a particle had reached a certain size, further growth would always lead to a division into two parts. real criterion for life was the power to assimilate in a heterologous medium. The heterologous character of the bacteriophage, its autonomy, relative to the bacterium on which it multiplied, had in d'Herelle's opinion been proved by many experiments.57 The second property which would characterize "life" was the phenomenon of adaptation, a property of bacteriophage which was proved, according to d'Herelle, by its variability.58 D'Herelle thought that there was only one bacteriophage, which could adapt itself and become virulent to a new bacterial species for which at first it had no virulence.59 D'Herelle endorsed Pasteur's point of view that infectious diseases were caused by living organisms, but at the same time he made an adjustment. On the basis of research on the nature of the bacteriophage he concluded that it was a colloid, either of lipoid nature or of protein nature. Consequently, the phenomena of life were not limited to microbes and cellular entities, a view which was not, however, an original thought at this time.60
FOLLOWING IN LOUIS PASTEUR'S FOOTSTEPS
As is apparent from the outline of d'Herelle's position given above, he was a scientist who elaborated his hypotheses into complete theories. He felt that ideologically he was following in the footsteps of the great Louis Pasteur. Just like his predecessor, he did not eschew confrontations with more or less famous adherents of opposing theories. It is especially clear from his defence of the Germ theory of infectious disease61 that he wished to take over the torch of Pasteur. The corrollary of the confirmation of this theory was Pasteur's rejection of the idea of "spontaneous generation" of microbial life.62 57 Ibid., pp. 333-41. 58 Ibid., pp. 350-4. 59 Ibid., pp. 366-9. The idea that there might be only one bacteriophage, which could adapt to new hosts, was named by d'Herelle the "unicity" of the bacteriophage. This is reminiscent of the pleomorphism of bacteria which was defended in the nineteenth century by botanists, for instance Carl von Nageli but also Max von Pettenkofer. An extreme form of pleomorphism was expressed as: "cocci could become bacilli, and bacilli, spirilla, as the chance of varying environment might dictate." Cited in L. J. Cole Since d'Herelle was convinced that bacteriophagy was an infectious disease of bacteria, he saw the opposition to his point of view as the resurrection of the old moot point about whether infectious disease is caused by microbes or is of endogenous origin. After all, his opponents explained the d'Herelle phenomenon as the result of an endogenous lifeless ferment. As the discussion on the nature of infectious disease cropped up again, d'Herelle even questioned the insight of his predecessor: "It is indeed certain that Pasteur had too little vision to think that the day would come when the living nature of the ultraviruses would be questioned . . .". He felt that it would be necessary to go over the same ground in order to prove once more that the "law announced by the clear genius of Claude Bernard, by Pasteur, and by Koch, is always true, that 'all disease reproducing in series arises from a living germ capable of multiplying in the body'."63 D'Herelle would, incidentally, not have been sorry to find himself among these famous biologists of the nineteenth century.
D'Herelle stated that these "dead theories must be killed anew" and claimed that the endogenous interpretation of bacteriophagy advanced by Jules Bordet meant the rebirth of the old endogenous theory of Georg Stahl, which had been mobilized against Pasteur by Justus von Liebig.64 Liebig's position is illustrated in the following statement, quoted by Louis Pasteur in 1860:
Brewers' yeast, and, in general, all animal and vegetable matter in putrefaction, carry over to other bodies the state of decomposition in which they are themselves. The motion which, due to a loss of equilibrium, affects their own components, is communicated also to the elements of substances which are in contact with them.65
Because d'Herelle regarded the bacteriophage as living he could not accept that it could arise spontaneously as was concluded by some on the basis of the phenomenon of lysogeny. For d'Herelle's opponents lysogeny, the "spontaneous generation" of bacteriophage, was an important argument for the endogenous origin but, at the same time, an argument against the living nature of the bacteriophage (vide infra).
Although d'Herelle defended the Gern theory of infectious disease by all possible means, he argued that another dictum from biology was ready to be discarded. He thought that he had shown that the bacteriophage was living, belonged to the ultra-viruses and could be characterized as a colloidal particle. Therefore the "Cellular theory of life" would have to be replaced by the "Micellar theory of life". D'Herelle stated that the assertion that the cell was the smallest entity of life had become untenable: "The old adage, all cells are derived from a like cell, should be replaced by all living micellae are derived from the division into two identical parts of an antecedent micella. It may seem from the historiography of immunology that at the end of the nineteenth century there were two opposing notions of the mechanisms of immunity. On the one hand there was the humoral theory, which explained immunity as the result of bactericidal and antitoxic substances in body fluids; on the other hand there was the notion of immunity as a result of the activity of cells, i.e. the phagocytes. Metchnikoff became known for his studies on the role of phagocytes in the protection against infectious diseases, for which he received the Nobel Prize for Medicine in 1908.73 Although Metchnikoff had outlined his ideas in the absence of knowledge of the humoral aspects of immunity, the later French "cellular school" did pay attention to humoral factors. This is evident from the very fact that Bordet did his early, epoch-making research on serology in Metchnikoff's laboratory. In Metchnikoff's Immunity in infective disease we see that a supposed antagonism between humoral and cellular mechanisms of immunity does not do justice to his ideas on immunity. According to Metchnikoff, the phenomena of humoral immunity had to be explained in relation to those of cellular activity: both were expressions of digestive processes, one extracellular (in the body fluids), the other intracellular (in the phagocyte).74 Metchnikoff claimed that two large categories of mobile phagocytes or leukocytes, i.e. microphages and macrophages, each had their own soluble ferment. Metchnikoff named these ferments cytases, classified them as trypsins, and regarded them as identical to the alexins or complements of other authors. As long as the phagocytes remained intact, the soluble ferments were not released. However, when the phagocytes were damaged, part of the cytases escaped, a process which he named phagolysis. As a result of this, the serum acquired hemolytic and bactericidal properties. In addition to the cytases, soluble ferments which were in essence intracellular, there were also the fixatives, Ehrlich's amboceptors or intermediary substances, which were humoral.75
The mechanism of immunity proposed by Metchnikoff consisted of both chemical and biological processes. The digestion of microbial invaders of the macro-organism took place within the phagocytes under the influence of chemical and physicochemical processes. But before these processes could come into play the phagocytes showed typically biological phenomena such as the perception of "chemiotactic sensations", migration to endangered tissues, ingestion of bacteria and secretion of substances which took care of intracellular digestion. Immunity in infectious diseases could be regarded as a "section of cellular physiology, and especially as a phenomenon concerned in the absorption of micro-organisms. This absorption being carried out by an act of intracellular digestion, the study of immunity comes into the chapter on digestion regarded from the general point of view."76 [Italics mine.] To Jules Bordet the substances in serum and antiserum which took care of humoral immunity constituted a subject which deserved further study, regardless of their origin. But it could not be doubted that the substances which were responsible for this "6chemical" type of immunity were related to the digestive processes of cellular immunity:
The tendency in the study of immunity has been to harmonize these humoral manifestations with the functions of the phagocytes, which, as Metchnikoff has shown, are both in origin and function the digestive cells, fitted to form substances that digest and destroy alien cells. 77 Bordet interpreted the early results of his study of transmissible bacterial lysis within this context of the "chapter on digestion", more specifically the phenomena of bacteriolysis and hemolysis that were being studied within the science of immunity. Furthermore, transmissible bacterial lysis was definitely related to that of autolysis. Both cells and bacteria were known to undergo a process of degeneration after some time which was called autolysis, autophagy or autofermentation. In 1913 Maurice Nicolle wrote in a review of autolysis that life was embedded in assimilation and degradation:
... Ia cellule possede une grande intensite vitale, elle assimile avec energie et desassimile pareillement. Si l'on vient a supprimer, soudain, l'apport des aliments, on provoque une violente rupture d'equilibre dans le sens de la d6sassimilation.... Il en r6sulte une tendance obligee vers le ramollissement des parties, le flou des images microscopiques, la simplification des constituants moleculaires, c'est-a-dire vers l'autolyse. 78 With regard to the processes of hemolysis and bacteriolysis Nicolle wrote that fundamental changes could be observed in albuminous globulins, the environment and lipids. He thought autolysis to be characterized by softening, decoagulation and molecular collapse (I'ecroulement moleulaire).79 Autolysis was a well-known phenomenon in bacteria, which was visible in an extreme form in pneumococci. These bacteria underwent a remarkable form of autolysis in which all the cells plasmolyzed after 24 to 48 hours and the culture became clear.80
There are two reasons for discussing here the background of Bordet's work on immunity. First, as stated above, his work formed the context of his interpretation of bacteriophagy. Second, Felix d'Herelle's criticism was not only directed against the position Bordet took in the bacteriophage controversy but also against humoral serology in general. D'Herelle made a distinction between experiments performed by chemists and physicists, and those undertaken by biologists. Because of the enduring adaptation of organisms to their environment, experiments by biologists had to be divided into the natural and the artificial. According to d'Herelle, the experiments of humoral immunology were artificial because they were performed with animals which were naturally resistant to the infections studied. D'Herelle therefore studied bacteriophage in circumstances he considered natural. He claimed to study natural infectious diseases.81 As an example of the artificial character of humoral immunology, d'Herelle mentioned the bactericidal effect of rabbit blood on anthrax bacilli, while the rabbit was found to be susceptible to anthrax in nature. A counter-example was the insusceptibility to anthrax of the dog, while dog serum showed no bactericidal action.82
With this criticism on traditional humoral immunity, d'Herelle created a niche for the bacteriophage in the recovery from bacterial infectious diseases. He summarized humoral and cellular mechanisms of immunity as endogenous, while the protection by the bacteriophage was characterized as exogenous.83 But the artificial character of humoral immunology was not all that was criticized; the nature of the "bacteriolysis" described by Pfeiffer, Metchnikoff and Bordet was also scrutinized by d'Herelle:
If there is a history which presents a philosophical significance from the point of view of that which may be called "the history of an error" it is indeed the history of the "antibodies." . . The sensitizer became a "lysin;" the simple fixation of complement to a bacterium, in which nothing further is involved, became "bacteriolysis," and the serum containing the sensitizer must be a "bacteriolytic" serum. The magic of words.
No one had ever observed the bacterlolysis ofa single bacterium under the influence ofa serum, but nevertheless, since then many impassioned controversies have been waged to explain the mechanism of this non-existant phenomenon.84 [Italics mine.] D'H6relle stated that the acceptance of "bacteriolysis" as the very basis of immunity had held back immunology for more than twenty years. It will be obvious that he reserved real lysis of bacteria, without any bacterial debris, for the bacteriophage he had discovered. 81 Felix d'Herelle argued that chemists and physicists would always perform "natural" experiments but the "biologist selects the conditions of his experiment. He can perform an artificial experiment if the conditions which he elects are artificial, or he can conduct a true experiment if he carries it out under natural conditions. The first leads to error, the second to truth." In d'Herelle, op. cit., note 63 above, p. 9. 82 Ibid., p. 230. However, this difference between the activity of humoral factors in vitro and the susceptibility of an animal in vivo was recognized by immunologists. According to Metchnikoff the absence of a parallel between natural immunity and the bactericidal power of a serum had to be sought in the complexity of the process by which the cytases were set free from the leukocytes, as well as in the changes they underwent when they were distributed in the body fluids. In the 1920s Bordet changed his ideas on the cause of the phenomenon of transmissible bacterial lysis twice. These modifications, however, only strengthened his view that the phenomenon belonged to the physiological functions of the bacterium. One important reason for his change of mind was the work of M. Lisbonne and L. Carrere. These scientists had observed that when coli or proteus bacteria were brought into contact with Shiga bacilli, the latter would lyse and produce a bacteriophage. Lisbonne and Carrere concluded from this that certain Shiga bacilli could be used as an indicator strain to show lysogenic properties of coli and proteus bacteria. In 1923 Jules Bordet stated that transmissible bacterial lysis had to be explained from a bacterial antagonism, which meant that the necessity of leukocytes had to be abandoned.85
Not much later, Bordet once more changed his view. In 1924 he claimed that it was not necessary to have an antagonistic interaction between different species of bacteria. After he had cultured four pure strains of B. coli for eight months, three of them appeared to produce principles which could lyse dysentery bacilli of the Shiga type. Because these coli bacteria had had no contact with the dysentery bacilli an antagonism between different species could be excluded as the cause. The explanation he now proposed was based on the phenomenon of bacterial variation. As different variants came into existence, these interacted with each other and in this way influenced the "evolution" of the culture.86
The organized, corpuscular nature of the lytic principle was also contradicted by the observation that the number of plaques on a solid medium depended on the quantity of susceptible microbes. If many bacteria were added to a lytic principle the latter seemed to disappear, while incubation with few bacteria resulted, after a period of time, in a lysed and clear solution: "The very slight amount of lytic agent will indeed be distributed between so many microbic individuals that each of them, being not sufficiently touched, will not reproduce the principle."87 Bordet regarded this as strikingly contradictory to the viral nature of the principle, because a virus would have to multiply abundantly in the presence of an excess of host organisms.
To the adherents of the endogenous theory of the bacteriophage the existence of lysogeny, the apparently spontaneous generation of the bacteriophage, was a crucial argument supporting their point of view. That the bacteriophage could be a parasite was, according to Bordet, totally impossible, because of the spontaneous creation of the bacteriophage in lysogenic bacteria. D'Herelle, defender of the viral nature of the bacteriophage, explained lysogeny as the consequence of a mixed infection by bacterium and bacteriophage. D'Herelle stated that such a mixture of a bacterium and an antagonistic bacteriophage was possible because bacteria developed resistance against the action of the bacteriophage.88 He concluded from the work of Bordet and Ciuca that three types of bacterial colonies were possible: (a) ultrapure colonies consisting of resistant bacteria; (b) contaminated colonies consisting of resistant bacteria and bacteriophages ("mixed cultures"); and (c) ultrapure colonies which consisted solely of susceptible bacteria. D'Herelle based his conclusion that lysogenic bacteria were mixed cultures on his finding that it was, in principle, possible to separate bacteriophages from the bacteria both in naturally occurring and in laboratory-made mixed cultures and that, therefore, in such cultures "bacteriophage corpuscles represent an impurity, in the bacteriological sense of the word."89 [Italics mine.]
Lack of reproducibility was an important problem in the study of lysogeny. This was clear in the exchange of bacterial cultures between Bordet on the one hand and Lisbonne and Carrere on the other, in which the strains were constantly checked for lysogeny with the help of an indicator strain. It was found that a non-lysogenic strain from Bordet's collection remained non-lysogenic in his laboratory in Brussels, but became lysogenic after being cultured in the laboratory of Lisbonne and Carrere in Montpellier for one year.90
In December 1930 Bordet delivered his Croonian Lecture for the Royal Society of London. He devoted it to bacteriophage theories and it seems likely that he faced an audience which sympathized with the position he had taken in the controversy. After all, he interpreted the bacteriophage phenomenon in the context of bacterial variation and this subject was being extensively studied in England, for instance by Frederick Griffith and Joseph Arkwright.91 Bordet discussed several elements from the rival "virus theory", including the question of whether the bacteriophage was Bull organized, as had been concluded from the existence of plaques. Bordet argued that at least three other hypotheses could also explain the formation of plaques, including the argument that they were the result of variations in the susceptibility of the bacteria: only those bacteria which were the most susceptible would lyse and thus give rise to the bacterium-free spots.92 Bordet also signalled properties of the lytic principle which contradicted those of living micro-organisms:93 (a) the behaviour of the principle with respect to antiseptics; (b) the lack of a "lag" phase when, after being stored for a long time, the principle was added to a bacterial culture ("If it were a virus, one would expect the principle to require an appreciable time for the recovery of its vital activity, after such a long period of inaction."); (c) the lytic principle could be neutralized with antiserum in which the complement had been inactivated by heating it to 60 'C. The activity of an antiserum against bacteria ("bacteriolytic" serum) required complement as well as antibody. This difference in the neutralizing mechanism between bacteriophage and bacteria led Bordet to the conclusion that, unlike a bacterium, a bacteriophage was not "organized".94
The serial transmissibility of the lytic principle, a cornerstone of the virus theory of bacteriophage, could, according to Bordet, also be explained without postulating the existence of a virus. The bacteriophage would stimulate the bacterium to produce a principle which was identical to the cause of the production. For such a process, Bordet referred to an analogy from normal physiology, that of blood coagulation. The coagulation of blood could be initiated by the contact with a foreign body but also by thrombin. When blood solidified, a new amount of the coagulating principle, the thrombin, was liberated. Therefore, once thrombin had been formed, the initial factor (the solid foreign body) was no longer needed, because thrombin could cause the formation of more thrombin.95
In his Croonian Lecture Bordet also described some crucial experimental work on the basis of which he concluded that it could not be doubted that bacteriophagy was connected with the physiology of the bacteria. It should be noted that Bordet's definition of this bacterial physiology was broad and included the differentiation of a bacterial culture into bacterial variants. He discussed the development of rough and smooth variants (R and S types) of Bacillus coli and the role of weak and strong lytic principles (bacteriophages) in this process.96 Bordet had isolated a lytic principle which was active against the S type while the R type was relatively insusceptible. This principle he called the weak lytic principle, in contrast to the strong lytic principle which was active against both bacterial types. The term "weak principle", therefore, did not mean that it had a weak activity, but only referred to its "host range". If the weak principle was added to a large quantity of bacteria it could adapt to the R type and become active both against the S and the R forms of the bacteria. It had now become the strong lytic principle. Bordet concluded that the "peculiar characters, the individuality of a given type of microbe, are reflected in the qualities of the principle which it is capable of elaborating".97 This he felt to be contradictory to the supposed autonomy of bacteriophage as a filterable virus. The properties and behaviour of the lytic principles which Bordet regarded as incompatible with the notion of the bacteriophage as a virus were the role of the concentration of the lytic principle, and the individuality of the principles in accordance with the nature of the microbial variant by which it was produced.98 On the basis of his experiences, Bordet concluded that bacteriophagy was related to the formation of bacterial variants. It has to be emphasized that Bordet regarded the formation of bacterial variants as a process belonging to their normal physiology. Bacteriophagy, as a mutation phenomenon, was a normal physiological process and the lytic power of a bacterial culture was an index of spontaneous differentiation. Bordet saw no necessity to assume the existence of an exogenous virus:
is it not more rational to think that the virus does not exist, that the intense action of the bacteriophage represents nothing more than the pathological exaggeration of a normal function connected with mutations, and that this lysis is, in reality ... a transmissible autolysis?99 [Italics mine.] The decade of Bordet's research which has been briefly discussed here showed some important changes in his ideas on the cause of bacteriophagy. In 1920 he thought he had to explain the d'Herelle phenomenon as the result of a product of the leukocytes. Transmissible bacterial autolysis would be an inheritable disturbance of the nutrition, a pathological displacement in the assimilating and degrading processes, of the bacteria. This explanation fitted in with the scheme which had been suggested by Metchnikoff for the role of "digestion" and physiology in mechanisms of immunity. The phenomenon of lysogeny played a dominant role in Bordet's change of position in 1923. He now explained the bacteriophage phenomenon as the result of bacterial antagonism between different bacterial species, though shortly afterwards he pointed to processes of bacterial variation within pure cultures. But although he changed his opinion on the cause of the bacteriophage, he continued to interpret bacteriophagy as an aspect of the physiology of bacteria and his work can be characterized as belonging to a physiological research style. His conception of bacterial physiology did not only comprise those aspects which are now thought of as the biochemistry or physiology of bacteria, but also encompassed what is now called bacterial genetics.100
THE CONSTRAINING FORCE OF RESEARCH STYLES
In the 1920s the discussion on the nature of the bacteriophage phenomenon was characterized by a controversy in which both d'Herelle and Bordet played important roles on opposing sides. The positions they held were inspired by their background knowledge, their reputations and ambitions, by the way they performed their experiments, by their choice of experimental material, etc. D'Herelle's research was founded upon his notion that a bacteriophage had to be viewed as an autonomous living entity (although he departed from his early notion that it was an ultramicrobe, instead embracing the view that it was a living micell). Bordet For d'Herelle the bacteriophage was as central as the microbe was to Louis Pasteur. He attributed to it, among other things, the following properties: retention of individuality (autonomy), which was proved when the bacteriophage multiplied on different microbes; the organized or complex character of the bacteriophage; and some properties shared by all living organisms, namely, multiplication in a heterologous medium and adaptation. Furthermore, d'Herelle thought the interaction between bacteria and bacteriophage to be characterized by a struggle for life between bacteriophage and bacteria, the course of which was influenced by adaptation (on the part of both the bacteriophage and bacterium). The struggle between an infected macro-organism and a pathogenic bacterium depended on the struggle between bacterium and bacteriophage. As the bacteriophage was living, it was impossible that it could arise spontaneously; therefore, lysogeny had to be explained as resulting from a mixture of a bacterium and a bacteriophage in the bacteriological sense of the word. It is this complex of interrelated presuppositions which is denoted as a bacteriological research style, in the sense that bacteriology stands for the study of (ultra)microscopical and autonomous living entities.
That bacteriophagy was an infectious disease of a bacterial population was to a certain extent contradicted by the short time span in which a cloudy bacterial culture was cleared by the lytic principle. Furthermore, the d'Herelle phenomenon appeared to be linked to the multiplication of the bacteria because, in order to show bacteriophagy, the bacteria had to be living.10' Bordet thought transmissible bacterial lysis to be connected to other lytic phenomena which were known to occur in bacteria. Such phenomena were known from humoral immunology and were related to Metchnikoff's view of the physiological and digestive processes which strive towards the integrity of the macro-organism. Furthermore, lytic phenomena were known from the field of bacterial variation, which Bordet thought to be an aspect of the physiology of bacteria. The latter domain included (auto)lytic phenomena and degeneration of ageing bacterial cultures. Bordet claimed that the lytic principle of transmissible lysis was therefore a product of the bacterium, which arose as a result of a shift in the bacterial metabolism. The presumed parasitic nature of the bacteriophage did not agree with the disappearance of the principle in an excess of bacteria; the lytic principle reflected the bacterial type by which it was produced; lysogeny constituted clear evidence that the bacteriophage had to be of endogenous bacterial origin; the transmissibility of the phenomenon could be explained by reference to autocatalytic processes which were known from physiology. According to Bordet, bacteriophagy had to be regarded as a disturbance of the physiology of the bacterium which also found expression in other properties of bacteria, such as changes in behaviour, fermentative properties and outward appearance of the bacterium. This complex of interrelated presuppositions is denoted as a physiological research style.
But the background knowledge on which the development of these research styles was based did not lead only to constraints at a theoretical level. These styles also dictated the method of execution of relevant experiments and the objects of study 101 See Robert Doerr, 'Die Entwicklung der Virusforschung und ihre Problematik', in Handbuch der Virusforschung, Robert Doerr and Curt Hallauer (eds), Vienna, Julius Springer Verlag, 1938, pp. 1-125, on p. 20.
